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ABSTRACT 


A two-dimensional inlet and J85-GE-13 turbojet engine were placed in 
a Mach 0.4 stream so as to ingest the tip vortex of a forward mounted 
wing. Results show that ingestion of a wing tip vortex by a turbojet 
engine can cause a large reduction in engine stall margin. The loss in 
stall compressor pressure ratio was primarily dependent on vortex loca- 
tion and rotational direction and not on total-pressure variations across 
the compressor face. 
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EFFECT OF INLET INGESTION OF A WING TIP VORTEX ON TURBOJET STALL MARGIN 

by Glenn A. Mitchell 
Lewis Research Center 


SUMMARY 

A two-dimensional inlet and J85-GE-13 turbojet engine were placed in 
a Mach 0,4 stream in the Lewis 10- by 10-Foot Supersonic Wind Tunnel so 
as to ingest the tip vortex of a forward mounted wing. The vortex was 
ingested at various vertical locations across the inlet entrance. Wing 
angle variations were utilized to produce vortices of maximum strength 
that rotated either with or opposite to the engine rotation. 

Results show that ingestion of a wing tip vortex by a turbojet en- 
gine can cause a large reduction in engine stall margin. Stall occurred 
at a compressor pressure ratio that was as much as 33 percent (along a 
line of constant corrected speed) closer to the nominal normal operating 
line than the undistorted inflow stall line. Vortex location at the com- 
pressor face and vortex rotational direction had a significant effect on 
stall compressor pressure ratio. Vortex induced stall pressure ratios 
did not correlate with total -pressure variations across the compressor 
face. 


INTRODUCTION 

Some aircraft require the use of forward mounted stub wings for sta- 
bility and control purposes. At large angles of attack, such a wing 
would generate a strong tip vortex. With propulsion systems mounted on 
or close to the fuselage, it is probable that certain combinations of 
airplane pitch and yaw would cause the vortex to trail aft into the engine 
air inlet. The effects of such a vortex ingestion on engine operating 
characteristics are unknown but may be degrading enough to cause engine 
stall. 

A study of these phenomena was conducted in the Lewis 10- by 10-Foot 
Supersonic Wind Tunnel with the test section operating at a subsonic 
speed of Mach 0.4. Reynolds number was 7.5x10® per meter. A wing was 
mounted in the test section forward of a two-dimensional inlet-engine 
combination so that the tip vortex trailed aft into the inlet and im- 
pinged on the J85-GE-13 engine compressor face. A preliminary study 
using the inlet with a coldpipe (ref. 1) found that the strongest vortex 
was created by the wing at 11 degrees angle of attack. The maximum tan- 
gential velocity of the vortex, just prior to its entering the inlet, was 
57 percent of the local stream velocity. Tangential velocities at the 
simulated compressor face were as high as 25 percent of the local stream 
velocity. This report presents the effect of this vortex ingestion on 
the stall limits of the J85-GE-13 turbojet engine. 
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U.S. Customary Units were used in the design of the test model and 
for the recording of experimental data. These units were converted to 
the International System of Units for presentation in this report. 


SYMBOLS 


c 

H 

h 


N 


(N/N*/e) x 100 
P 


T 

W 

W 

corr 

x 


6 

0 


wing tip chord, cm 

vertical distance from cowl lip to ramp edge, cm 

vertical distance from cowl lip to initial position 
where vortex impinged on cowl lip, cm 

engine speed, rpm 

rated engine speed, 16 500 rpm 

percent corrected engine speed 

total pressure, N/m^ 

total temperature, K 

engine air flow, kg/ sec 

engine corrected air flow, W/ 0 / 6 , kg/sec 

streamwise (axial) distance aft from wing tip trailing 
edge , cm 

local corrected total pressure, P/101 325 N/m^ 
local corrected total temperature, T/288.2 K 


Subscripts : 
iv 
u 
2 
3 

Superscript : 


ingested vortex 
undistorted 
compressor face 
compressor exit 


average 
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APPARATUS AND PROCEDURE 
Inlet 

The inlet used in this investigation was a two-dimensional, external- 
compression type designed for operation at a Mach number of 2.2. The in- 
let was attached to a nacelle 0.635 meter in diameter in which a J85-GE-13 
turbojet engine or a cold-pipe choked-exit plug assembly could be in- 
stalled. For this study the J85-GE-13 engine was used. The inlet, with 
the cold-pipe assembly as used in reference 1, is shown in figure 1 
mounted in the tunnel test section. The inlet height (ramp edge to cowl 
lip) was 0.408 meter and the ramp width was 0.369 meter. 

The inlet geometry was varied by movable ramps. The first ramp was 
a fixed one, having an angle of 3 degrees with the inlet at zero degrees 
angle of attack. The second and third ramps were variable and together 
with the first ramp accomplished external compression during supersonic 
operation. The fourth ramp was a backward facing ramp which initiated 
internal flow diffusion. For this test the inlet throat area was opened 
to a maximum by setting the ramps as flat as possible. The resulting 
second and third ramp angles of 5^- and 7y degrees measured relative to 
the inlet at zero degrees angle of attack are shown in figure 1. A bleed 
slot between the third and fourth ramp was available for boundary layer 
control. All bleed and bypass systems were closed for this test.- 

Three basic variations exist between the inlet configuration shown 
in the figure and the configuration used during this test. The vortex 
generators shown in figure 1 on the ramp and side walls were not present 
for this test. Also the side fairings and cowl lip were not sharp as 
shown. The leading edge of the side fairings were blunted with a radius 
of 0.42 centimeter. The cowl lip was 0.76 centimeter thick and blunted 
with a 3 to 1 ellipse. 


Engine 

The J85-GE-13 engine consists of an eight-stage axial-flow com- 
pressor coupled directly to a two-stage turbine. It incorporates con- 
trolled compressor interstage bleed and variable inlet guide vanes, a 
through-flow annular combustor, and an afterburner (not used in this 
test) with a variable area primary exhaust nozzle. Engine installation 
is shown in figure 2 . 

At sea-level conditions and military power operation, the eight- 
stage compressor develops an overall static pressure ratio of 7.0. The 
pressure ratio per stage averages out to 1.275. 

The compressor interstage bleed valves (located after the third, 
fourth, and fifth compressor stages) are mechanically linked to the var- 
iable inlet guide vanes so that when the bleed valves are fully open, the 
guide vanes are fully closed. The inlet guide vanes are linked together 
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and scheduled by the main fuel control as a function of corrected speed. 
This provides the normal interstage bleed schedule. For stall attempts 
during this test and for all comparison data presented herein, the guide 
vanes were computer controlled on a nonstandard schedule providing the 
maximum allowable bleed closure for safe engine operation as dictated by 
compressor blade vibration limits. This procedure was required to ob- 
tain the maximum assurance of engine stall at corrected speeds below 
94 percent of rated speed. 

Compressor stalls were initiated by closing the exhaust nozzle In 
order to lower turbine temperatures during this procedure, the first 
stage turbine nozzle was replaced by a unit approximately 14 percent 
smaller in area. This rematched the turbine to the compressor at a lower 
than normal turbine inlet temperature. 

At engine speeds below 90 percent of rated speed, manual closure of 
the standard exhaust nozzle resulted in minimum nozzle areas that were 
too large to cause compressor stall. To obtain smaller nozzle areas (and 
higher compressor pressure ratios) , six airflow blockage plates were in- 
stalled inside the nozzle leaves. 

Steady state operation of the J85-GE-13 engine, while coupled to an 
axi symmetric mixed-compression inlet is reported in reference 2. Refer- 
ence 3 reports transient interactions between the engine and the same 
inlet. 


Wing 

Details of the wing are shown in figure 3. The wing had a slight 
aft sweep of the leading edge and a forward sweep of the trailing edge. 
Also, the wing was symmetrical with parallel upper and lower surfaces 
over much of the chord. The leading edge was a 4.52 to 1 ellipse and the 
trailing edge was formed by a 25 degree included angle and faired into 
the straight sides of the wing. 

The wing was mounted in the tunnel test section forward of the inlet 
and extended vertically down from a circular inset in the tunnel ceiling 
(fig. 4). Wing angle of attack was varied by rotating the circular inset. 
The inlet location aft of the wing (fig. 5) placed the ramp edge 8.2 
wing-tip chord lengths downstream of the wing-tip trailing edge. A typ- 
ical vortex path from the wing to the inlet is shown in figures 5 and 6. 
This path was produced by the wing at +11 degrees angle of attack (ref. 1) . 
The inlet is shown at zero degree angle of attack. The inlet was placed 
at various vertical locations relative to the vortex trailing aft from 
the wing by pitching the inlet to various angles of attack. Maximum 
angle-of-attack variation during the test was from zero to -7 degrees. 

As indicated in figure 5, positive angle of attack was opposite to the 
normal convention. This was because the inlet was mounted upside down in 
the tunnel. 


Kl u u li u u n il nil n a n n n n jl 




5 


Instrumentation 

The compressor face pressure instrumentation is shown in figure 7. 
The 36 total -pressure probes were area weighted in the following manner * 
The compressor face area was divided into six equal area rings* Long 
rakes were placed 60 degrees apart around the duct with three total 
probes in each rake. Probes were centered at the mid area locations of 
the first ring (innermost), third ring, and fifth ring* Short rakes were 
centered between the long takes The fetal pressure probes of the short 
rakes we~e centered at the mid area locations of the second, fourth, and 
sixth rings , The compressor discharge pressure was measured by the eight 
radially area weighted total-pressure probes shown in figure 8. The 
engine speed was measured by a magnetic pickup which sensed the tooth 
passage of a rotating gear which was attached to the customer power take- 
off shaft from the engine gearbox The engine corrected airflow was not 
measured directly but was determined from the compressor operating map 
previously determined for this engine in connected pipe tests (ref 4) 
Specifically, the corrected airflow was picked from the compressor map to 
correspond to the measured compressor pressure ratio and engine corrected 
speed. This procedure required a linear interpolation between the exist- 
ing constant corrected speed lines. The turbine discharge temperature 
was carefully monitored during all engine stall attempts and was measured 
by eight thermocouples, which were installed by the engine manufacturer 
and wired in parallel to give an average reading. 


Test Procedure 

Stall attempts were made with the wing set at 11 degrees angle of 
attack to produce a vortex of maximum strength (ref. 1), The effects of 
both positive and negative angles of attack were investigated. A posi- 
tive angle of attack (defined in fig. 9) produced a counterclockwise 
rotating vortex when viewed from upstream which rotated in the same direc- 
tion as the engine. Conversely, a negative angle of attack produced a 
clockwise rotating vortex which rotated counter to the engine rotation. 

With a given wing angle of attack, a series of stall attempts were 
made at each selected engine corrected airflow. Each stall attempt of 
the series occurred with the vortex entering the inlet at a different 
vertical location between the cowl lip and the inlet ramp edge. Prior to 
each series, a vertical location reference point was obtained by pitching 
the inlet and using the tunnel schlieren system to visually impinge the 
center of the trailing vortex on the cowl lip. 

All stall attempts were initiated at the lowest compressor pressure 
ratio available at the selected engine corrected airflow c The initial 
condition was achieved by controlling the throttle to set the selected 
corrected airflow while keeping the exhaust nozzle open. The stall point 
was approached by closing the nozzle to increase the compressor pressure 
ratio while manually biasing the throttle to keep a constant compressor 
face static- to total -pressure ratio (i.e., a constant corrected airflow)* 
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Stalls were attempted at a constant corrected airflow rather than a con- 
stant engine speed in order to keep the entering vortex at a constant 
position as stall was approached. Reference 1 reports that the vortex 
path in the vicinity of the inlet was affected by the airflow streamlines 
approaching the inlet in a manner such that the vertical position of the 
vortex at the inlet entrance varied with inlet mass flow ratio, i.e., 
corrected airflow. 

Steady state data points presented later in this report as the 
points of stall were obtained at a compressor pressure ratio as close to 
stall as possible without stall occurring during the data scan. For most 
of these points stall occurred after the data scan; for others the pres- 
sure ratio was within 0.04 of the pressure ratio where stall occurred. 
When no stall occurred, data points were taken at the highest pressure 
ratio obtainable without exceeding the turbine discharge temperature 
limit of 1017 K. 


RESULTS AND DISCUSSION 

Figure 10 presents the compressor performance that was obtained with 
the ingested vortex rotating counter to the engine rotation. Data were 
taken, up to the pressure ratio at stall or the turbine temperature limit, 
at three nominal corrected airflows and are plotted on a compressor map 
which was obtained with undistorted inflow to the engine in a connected 
pipe test (ref. 4). Both the current data and the data of reference 4 
were obtained with the same inlet guide vane and compressor interstage 
bleed schedules. The maximum corrected airflow was limited to 18 kilo- 
grams per second because higher airflows would have required the engine 
to exceed its rated mechanical speed when operated near the undistorted 
stall line. 

The data in figure 10 are shown for various values of the ingested 
vortex vertical position parameter. This parameter gives the approximate 
vertical position of the vortex relative to the inlet (see sketch) . 


Vortex path Inlet position at 
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The numerator of the parameter (h) is the vertical distance of the cowl 
lip from the previously mentioned reference point (vortex on lip) as cal- 
culated by geometric relations and the inlet change in pitch angle from 
the reference point. The denominator (H) is simply the vertical distance 
from the cowl lip to the inlet ramp edge. The ratio (h/H) would then de- 
termine the vertical distance of the entering vortex from the cowl lip in 
relation to the inlet height; but only if the vortex path was unaffected 
by inlet vertical position. This was probably not true at the axial lo- 
cation of the cowl lip when the vortex was near the ramp and affected by 
the flow turning induced by the ramp angles. This could not be visually 
observed because of the inlet side fairings. 

As shown by figure 10, large reductions in stall margin from that 
obtained with undistorted inflow were observed when the ingested vortex 
rotated counter to the engine rotation. The largest stall margin losses 
were obtained when the Ingested vortex vertical position parameter was 
near 0.5 (fig. 10(e)). And for a nominal engine corrected airflow of 
16.5, nearly half of the undistorted inflow stall margin (vertical dis- 
tance from normal operating line to stall line) was lost due to the enter- 
ing vortex. 

Figure 11 is a replot of the data of figure 10. Compressor pressure 
ratios are plotted against corrected engine speed. A comparison of fig- 
ures 10 and 11 illustrates the fact that the stall pressure ratios caused 
by the entering vortex are nearer to the pressure ratios of the undis- 
torted inflow stall line at a constant corrected speed than they are at 
a constant corrected airflow. Thus the method chosen for presenting the 
data can significantly affect the computed loss in stall pressure ratio. 

Figures 12 and 13 present the stall data obtained with the ingested 
vortex rotating in the same direction as the engine rotation. Both the 
compressor maps (fig. 12) and the compressor pressure ratio against cor- 
rected engine speed plots (fig. 13) show (when compared to figs. 10 
and 11) that the vortex rotational direction had a significant effect on 
the stall pressure ratio. For example, compare figure 10(e) to fig- 
ure 12(e). At 16.5 kilograms per second nominal corrected airflow the 
compressor stalled at a pressure ratio of 5.63 when the vortex rotated 
counter to the engine and at a pressure ratio of 6.19 when the vortex 
rotated in the same direction as the engine. 

The data that are presented in figures 10 to 13 are lacking somewhat 
in completeness due to the fact that, at the higher and lower corrected 
airflows, the turbine temperature limit prevented engine operation up to 
the pressure ratios of the undlstorted Inflow stall line. At the higher 
corrected airflow, stall sometimes occurred below the temperature limit 
adding to the data completeness ; but at the lower corrected airflow stalls 
were never obtained. 

It was decided that the most pertinent method of presenting the loss 
in stall compressor pressure ratio was at a constant corrected engine speed 
because the engine cannot significantly change speed during the few milli- 
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seconds spanning the occurrence of stall. Stall data are summarized in 
figure 14. The loss in stall compressor pressure ratio caused by the 
ingested vortex was computed from figures 11 and 13 at a constant cor- 
rected engine speed and plotted in a nondimensional form against the in- 
gested vortex vertical position parameter. Data are also shown in fig- 
ure 14 for the cases where the turbine temperature limit was reached 
before stall occurred. 

The large losses in stall compressor pressure ratio caused by the 
ingested vortex are illustrated well in figure 14. The maximum less in 
stall compressor pressure ratio caused by the ingested vortex rotating 
counter to the engine rotation was larger than the maximum loss in stall 
pressure ratio caused by the vortex rotating with the engine. When the 
vortex rotated counter to the engine, the maximum nondimensional loss in 
stall pressure ratio was 0,058 (fig. 14(a)); whereas when the vortex ro- 
tated with the engine rotation the maximum nondimensional loss in stall 
pressure ratio was 0.026 (fig. 14(b)). A better perspective of the sig- 
nificance of these numbers is gained by the realization that the 0,058 
nondimensional loss in stall pressure ratio represents a stall pressure 
ratio that was 33 percent nearer to the nominal normal operating line 
(along a line of constant corrected speed) than the undistorted inflow 
stall line. The 0.026 nondimensional loss in stall pressure ratio caused 
by the vortex rotating with the engine was 15 percent nearer to the nom- 
inal normal operating line than the undistorted inflow stall line. 

Figure 15 presents a correlation of the ingested vortex vertical 
position parameter with the measured radial position of the vortex at the 
compressor face. Although the radial positions of the vortex that are 
presented in the figure are for a specific vortex rotational direction 
and engine corrected airflow, they are typical in that the radial posi- 
tions do not vary substantially with engine conditions or vortex rota- 
tional direction. The radial positions of the vortex were obtained from 
analysis of compressor-face total -pres sure profiles that are not pre- 
sented herein. The vortex core contained a lower total pressure which 
was detected by the total-pressure probes and traced from probe to probe 
as the vortex position varied across the inlet entrance. 

It is clear from figures 14 and 15 that, when the ingested vortex 
was rotating counter to the engine rotation, the maximum loss in stall 
compressor pressure ratio occurred at the higher corrected airflows when 
the vortex was located near the engine hub. When the vortex rotated with 
the engine rotation the maximum loss in stall pressure ratio occurred 
again at the higher corrected airflows but the vortex was approximately 
midway between the hub and tip on the cowl side of the duct. These data 
not only show an effect of vortex rotational direction on the stall pres- 
sure ratio but also that the vortex position at the compressor face 
greatly influenced the stall pressure ratio. However, the dissimilar 
position effects of the clockwise and counterclockwise vortices strongly 
suggest that the effect of vortex position alone cannot be interpreted 
without also considering the influence of the rotational direction of the 
vortex and its effects on the engine. 
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At the lower engine corrected airflow where no stalls were obtained 
the turbine temperature limit line in figure 14 indicates that the non- 
dimensional loss in stall pressure ratio could not have exceeded about 
0.03; roughly half of the maximum loss in stall pressure ratio incurred 
at the higher corrected airflows with the vortex rotating counter to the 
engine (fig. 14(a)); but about the same as the maximum loss in stall pres- 
sure ratio incurred at the higher corrected airflows with the vortex ro- 
tating with the engine (fig. 14(b)). Because of the different stall re- 
sults between the higher and lower engine corrected airflows (fig. 14(a)) 
it seems that the vortex induced stall characteristics of the engine 
changed considerably at lower airflows. 

The compressor-face total -pressure profiles generated during this 
test revealed that at each ingested vortex position the profiles obtained 
with clockwise and counterclockwise rotating vortices were, with small 
variations, mirror images of each other, especially those at the same 
engine corrected airflow. This fact, coupled with the above dissimilar 
effects of vortex rotational direction on stall, make it clear that no 
■». interpretation of the total-pressure variations across the compressor 

face could correlate them with vortex induced stall compressor pressure 
ratios. 

The vortex stall effects reported herein must then be dependent on 
the rotational properties of the vortex. The maximum rotational velocity 
of the vortex at the compressor face was as large as 25 percent of the 
local stream velocity (ref. 1), with a diameter of about 4.5 centimeters; 
less than half the compressor hub diameter. The probable streamline of 
the vortex maximum rotational velocity as it expanded and wrapped around 
the engine hub when the vortex was located near the hub is shown in the 
sketch. 



The resulting large rotational velocities near the hub and totally around 
its circumference explain the large loss in stall pressure ratio that oc- 
curred when the vortex was near the hub and rotating counter to the 
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engine. With such a condition fluid rotational velocities would appear 
to the compressor blades as a continual large increase in angle of attack 
near the hub and thereby increase the likelihood of stall. A contributing 
factor to this increased stall potential may be due to a characteristic of 
the engine reported in reference 4; when tip, mid-span, and hub radial 
distortion patterns were imposed upon the compressor, the hub region was 
found to be the most sensitive to distortion. 


SUMMARY OF RESULTS 

A two-dimensional inlet-engine combination was placed in a Mach CK4 
stream in the Lewis 10- by 10-Foot Supersonic Wind Tunnel so as to ingest 
the tip vortex of a wing mounted at a forward location in the test sec- 
tion. Inlet angle-of -attack variation was used to cause vortex ingestion 
to occur at selected vertical locations across the inlet entrance. Wing 
angle of attack was selected to produce the maximum vortex strength, and 
positive and negative angles were utilized to generate vortices that ro- 
tated with and opposite to the direction of turbojet engine rotation „ 

The effect of these variables on the stall margin of the J85-GE-13 turbo- 
jet engine was determined at three corrected airflows with the following 
results . 

1. Ingestion of a wing tip vortex by a turbojet engine can cause a 
large reduction in engine stall margin. 

2. Vortex location at the compressor face and vortex rotational di- 
rection had a significant effect on the compressor pressure ratio at 
which stall occurred. 

3 . Vortex induced stall compressor pressure ratios did not correlate 
with total -pressure variations across the compressor face. 

4. With the vortex rotating opposite to the engine rotation and lo- 
cated near the compressor hub, the engine stalled at a compressor pres- 
sure ratio that was closer to the normal operating line than the undis- 
torted inflow pressure ratio by as much as 33 percent along a line of 
constant corrected speed. 

5. With the vortex and engine rotating in the same direction, the 
maximum loss in stall pressure ratio was smaller and occurred when the 
vortex was located on the cowl side of the duct about midway between the 
hub and tip. The stall pressure ratio was as much as 15 percent closer 
to the normal operating line than the undistorted inflow stall line 0 
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Figure 1. - Inlet model installed in 10- by 10-Foot Supersonic Wind Tunnel. 
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Figure 4. - Wing and inlet installed in 10- by 10-Foot Supersonic Wind Tunnel. 
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